Introduction {#sec1}
============

Polyproteins are biological constructs made of proteins repeats tethered in tandem, often related to physiological activity that involves mechanical stresses, such as muscle contractions,^[@ref1],[@ref2]^ mechano-transduction,^[@ref3],[@ref4]^ etc. Their unique structure enables them to respond to the applied load by unfolding some of their folded domains and extend them in order to regulate stresses and energy,^[@ref1],[@ref2]^ adjust cell adhesion,^[@ref5],[@ref6]^ reveal hidden sites,^[@ref3],[@ref7]^ and enable actin cross-linking.^[@ref8]^ The mechanical response of polyproteins to external forces has been extensively studied using single-molecule force spectroscopy (SMFS) through conformational changes, such as unfolding, folding and collapse, in response to various forms of direct load application protocols.^[@ref9]−[@ref20]^ In force extension (FX) measurements, direct load is applied to a single polyprotein molecule, which is tethered at both termini, by pulling it at constant velocity. As a result, the polyprotein displays a series unfolding events in a characteristic "sawtooth" pattern, where each unfolding event occurs at a specific maximal force. Each unfolding event is followed by rapid relaxation due to the exposed length of the unfolded domain, which then is extended due to the continuous application of external load until the next domain unfold and *vice versa*.

SMFS approach relays on a device to which the molecule of interest (RNA hairpins/proteins/polyproteins) under investigation is tethered (cantilevers tips/beads), and a polymeric linker (connecting amino acid sequences/unfolded domains polypeptides/folded domains). Thereby, a growing body of literature studies the effects introduced by the application of force to the recorded unfolding/rupture probabilities and rates.^[@ref11],[@ref18],[@ref20]−[@ref40]^ Specifically to polyprotein constructs, sequential hierarchy in the measured unfolding forces was reported using FX SMFS studies of I91 polyproteins.^[@ref11],[@ref37],[@ref41],[@ref42]^ This unfolding history dependency was explained as a biphasic behavior, resulting from two competing effects: (a) increase of domain unfolding probability with each unfolding event along the polyprotein chain (N-effect), and (b) decrease of domain unfolding rates resulting from an increase in the cantilever-polymeric (linker) component of the polyprotein after each unfolding event (compliance effect). According to the latter, with the consecutive unfolding of each domain, the overall compliance (inverse of the chain effective stiffness) grows. It is claimed that while the first (N) effect tends to increase the force required to unfold domains with the reduction of the number of folded domains, the second (stiffness) effect inclines to reduce the unfolding forces along the elongating unfolded chain with the increase of the cantilever spring constants. Numerical Monte Carlo simulations exemplified the biphasic behavior for considerably large domains, and increasing number of domains and cantilever spring constants.^[@ref11]^ Other works also demonstrated that the unfolding forces depend not only on the pulling velocity but also on the stiffness of the pulling device.^[@ref32],[@ref38]^ A recent study on the history of mechanical unfolding of I91 polyprotein showed a monotonous increase of the unfolding forces in time (with no biphasic behavior),^[@ref18]^ which was explained by the use of long linkers that eliminate possible nonspecific interaction of the first unfolding domain with the surface.

Here we suggest that sequential unfolding in a polyprotein results from an interplay between the viscoelastic properties of its elongating polymeric linker after each unfolding event^[@ref12],[@ref43]^ and the direct effect of the applied force-rate, d*F*/d*t* on the unfolding probabilities.^[@ref44]−[@ref46]^ This interplay eventually encapsulates the two effects mentioned above (compliance and event probability^[@ref11],[@ref37]^) as a manifestation of the same phenomenon. The application of higher loading rates, with the increase in the pulling velocity, is associated with the reduction of the unfolded chain internal friction, which propagates the tension faster through the stretched elongating linker. Accordingly, the effect of the applied mechanical work on the polyprotein domains becomes more direct. While previous works focused on the stiffness of the pulling device and the nonlinear elasticity of the polymeric linkers on the unfolding probabilities, this work investigates the relation between the variations in the local stiffness of the polyprotein (linker and folded/unfolded domains) and internal friction of the elongating linker at high extensions and their relation to hierarchical unfolding forces within a polyprotein under tension. To this end we performed FX SMFS measurements using atomic force microscopy (AFM) on octameric repeats of I91 domain, denoted as poly(I91), pulled at a constant velocity, *V* \[nm/s\]. We use a simple mechanistic viscoelastic model to describe the dynamical response of the molecule---probe system in order to explain the observed behavior. The experiments were complemented with Brownian dynamics (BD) simulations that reproduced the experimentally observed trend, where the mean unfolding forces corresponds to domain number, in concert with the changes in the chain viscoelastic properties and local unfolding rates.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Poly(I91) octamers were expressed and purified in the laboratory of Dr. Neta Sal-Man at Ben-Gurion University of the Negev, using plasmids that were kindly provided by Prof. J. M. Fernandez from Columbia University. The proteins were purified using HEPES buffer (1.0 mM EDTA, 150 mM NaCl, 20 mM HEPES, pH 7.5) as described elsewhere.^[@ref47]^

Atomic Force Spectroscopy Measurements {#sec2.2}
--------------------------------------

Pulling experiments were carried out with a Luigs & Neumann LTD AFM. The polyprotein solution was centrifuged at 14 000 rpm at 4 °C for 4 min. Next, 20 μL of polyprotein solution was deposited on gold-coated glass coverslides. The glass coverslides were rinsed with 99.9% ethanol (Romical) followed by deionized water (Ultra 370 series, Aqua Max, 18.2 MΩ·cm), then coated with Ni layer and topped with an Au layer by thermal evaporation (Quorum K975X) at 14 mA and 3 min for each layer. All the measurements were carried out in ambient conditions at room temperature. The force-extension (FX) measurements were performed on piezo movement velocities ranging between 50 and 1000 nm/s. The traces were fitted with the Worm-Like-Chain model^[@ref48],[@ref49]^ to properly identify the I91 domains, resulting with a mean persistence length ⟨*l*~p~⟩ = 0.4 ± 0.1 nm and mean contour length increment ⟨Δ*L*~C~⟩ = 27.6 ± 0.5 nm. Since the polyprotein attach to the cantilever at random position, traces that were collected had 6--8 unfolding events in the measurements. The cantilevers used (gold-coated Si-Ni Biolevers, BL-TR400PB Asylum Research, Oxford Instruments) were calibrated prior to each experiment using the equipartition theorem,^[@ref50]^ measuring spring constants, *K*~S~, ranging between 24 and 26 pN/nm. The measurements were carried out in HEPES buffer. Data analysis was performed using IGOR Pro 6.3.7.2 software (WaveMetrics) and Matlab (R2013b).

Brownian Dynamics Simulations {#sec2.3}
-----------------------------

The dynamics of a polyprotein unfolding under constant velocity were numerically reproduced by integrating a set of nine conjugated overdamped Langevin equations^[@ref29]^ using Matlab (R2013b). Full details are provided in the [Supporting Information (SI)](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf).

Results and Discussion {#sec3}
======================

We measured the unfolding dynamics by pulling on an eight domain poly(I91) at several velocities varying from 50 to 1000 nm/s. Accordingly, *N* (= 1--8) unfolding events were observed in the sawtooth curve.^[@ref9],[@ref15]^ Since no specific attachment technique was implemented (to avoid the effect of an additional long linker), each polyprotein molecule can be arbitrary picked up by the cantilever tip at any domain between the first one to the eighth. Consequently, we excluded unfolding traces that displayed less than five events, which provided the following average number of data points for the analysis of the unfolding events: *n* = 65 for the first through fifth events, 50 for the sixth, 31 for the seventh, and 8 for the eighth. Since the recorded number of traces with eight unfolded events were too low to estimate reliable statistics (ranging from 1 to 12, with an average of 8), we relate in the analyses to the unfolding events in the polyprotein up to the seventh event.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A shows three representative FX traces with eight unfolding events, measured at *V* = 50, 100, and 1000 nm/s (red, blue, and green, respectively). For simplicity, in the following we will present the analysis for these three velocities with their color coding, and compare the observed trends to the ones obtained via BD simulations at three representative velocities of 40, 400, and 4000 nm/s. It can be clearly seen that the unfolding forces generally grow with the pulling velocity.^[@ref9],[@ref10],[@ref16],[@ref51]^ We examined the behavior of the unfolding forces (*F*~max~) and stiffness for the each event at the various pulling velocities. The mean unfolding forces, calculated from the distributions of the maximal values collected from every unfolding peak, show a hierarchical increase with event number for all velocities, with no evidence of biphasic behavior. The same trend was observed in the forces obtained from the BD simulations at all velocities (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf)).

![FX measurements of poly(I91) unfolding at three representative pulling velocities, *V* = 50 (red), 100 (blue), and 1000 (green) nm/s. (A) Three exemplary FX unfolding traces. (B) Mean unfolding forces (obtained from the maximal forces at each unfolding event) as a function of unfolding event (domain) number, *N*. (C) Mean chain stiffness, measured by the slope of the linear regime prior to each unfolding event (d*F*/d*x*), at each unfolding event (filled symbols), and the effective stiffness (*K*~eff~), estimated with [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} (open symbols), showing a softening of the chain with the increase of its polymeric (linker) element after each unfolding event.](ma0c00278_0001){#fig1}

The overall effective stiffness can be estimated by taking the slope of the force with respect to its extension at the linear regime at high stretches, before the unfolding event. This effective stiffness encompasses contributions from the polyprotein components and the stiffness of the cantilever to which it is tethered according towhere *K*~S~ is the spring constant of the cantilever, *K*~l~ (*N*) is the stiffness of the polymeric linker after each unfolding event, and *K*~P~( *N*) = ∑*K*~P,*i*~, *i* = 1--*N*, are the stiffnesses of the remaining folded protein domains. The stiffness of the polymeric linkers can be approximated with an asymptotic phenomenological expression, based on the Worm-Like-Chain (WLC) model at high stretches:^[@ref43]^where the overall contour length is estimated at high stretch *x*/*L*~C~ ≈ 0.85 by *L*~C~(*N*) ≙ (8 -- *N* + 1)*^.^L*~C,folded~ + 0.85^.^(*L*~C,0~ + *N^.^L*~C,unfolded~), with *L*~C,0~ being the contour length of the initial extension of the chain. The stiffness of a folded domain can be approximated by the second derivative of a Morse potential representing a one-dimensional projection of a protein energy landscape, *K*~P~ = ∇^2^*U*~P~ ≈ 6(*b*/*R*~C~) ^2^*U*~0~,^[@ref52]^ with *b* being the curvature of the potential, *R*~C~ the size of an unfolded domain, and *U*~0~ the unfolding barrier amplitude. Based on the characteristic values used for the BD simulations (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf)), the characteristic stiffness of a folded domain can be estimated as *K*~P~ ≈ 6210 pN/nm, while the stiffness of the linker (unfolded domains) varies from *K*~l,n=1~\| ~*F*≈200\ pN~ ≈ 101 pN/nm to *K*~l,n=8~\|~*F*≈200\ pN~ ≈ 17 pN/nm, which is in the same order of magnitude as *K*~S~. Since a folded protein domain is much stiffer than the linker,^[@ref36]^ its contribution can thus be neglected compared to those of the considerably more compliant linkers, and the overall effective stiffness can be written as (effective stiffness approximation^[@ref53]^)[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C plots the variation of stiffness of the system with domain number, comparing the mean of the measured slopes, ⟨d*F*/d*x*⟩, with *K*~eff~ calculated with [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, using the corresponding experimental parameters. The stiffness shows a decrease with the progression of unfolding events. This result is not surprising, and was shown for a five repeat I91 polyprotein.^[@ref12]^ Additionally, stretched polymers were also shown to be effectively more flexible (reduce) under tension.^[@ref54]^[eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} predicts this behavior, as can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, since according to it the stiffness of the linker is proportional to the inverse of its contour length, i.e., *K*~eff~ ∼ 1/*L*~C~. On the other hand, the stiffness is also expected to grow with the unfolding force (*K*~eff~ ∼ *F*^3/2^), which grows with *N*; however the observed increase in the unfolding forces ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [S1B](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf)) is considerably milder compared to the increase in the extension of the polyprotein after each unfolding event, meaning that the increase in *L*~C~ has more prominent effect of the stiffness.

Within the distribution range, *K*~eff~ deviates from the measured ⟨d*F*/d*x*⟩, while still following the same general decreasing trend with *N*. This deviation is also apparent in the BD simulations (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf)). At low pulling velocities, *K*~eff~ overestimates ⟨d*F*/d*x*⟩, while at the other extreme (at high velocity) it lags behind it. Since the force vary nonlinearly as the chain elongates at constant pulling velocity, we estimated the local unfolding force-rates, d*F*/d*t*, at each unfolding event. The force-rate is typically estimated as the product of the velocity with the stiffness of the last unfolding event, i.e., d*F*/d*x*\|~last\ event~ × *V*. In addition to this approach, we evaluated force-rates by taking the slope of the maximal unfolding forces with respect to the times in which they occurred. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A shows the unfolding forces vs their event time measured at *V* = 1000 nm/s (triangles in green shades), with linear fittings (straight lines). Similar estimations were performed for the forces measured at the other lower pulling velocities, all displaying a similar decreasing of the force rates experienced by the polyproteins with unfolding progression.

![Force-rate variations with the domain number. (A) Unfolding forces (maximal forces, *F*~max~, collected from the FX unfolding traces measured at *V* = 1000 nm/s) plotted against the time they took place on (green triangles, with increasing shade for each consecutive unfolding event). The slopes of the linear fits (solid black lines) estimate the local, event dependent, unfolding rate, d*F*/d*t*. (B) Force-rates from experimental data measured at *V* = 50 (red), 100 (blue), and 1000 (green) nm/s. d*F*/d*t* obtained from the slopes of the maximal unfolding forces with time (as in A) are marked by solid symbols, while rates estimated by ⟨d*F*/d*x*⟩~*N*~ × *V* are marked by blank, line connected small symbols. (C) Estimation of d*F*/d*t* from the maximal unfolding forces from BD simulations at *V* = 4000 nm/s. (D) Force-rates calculated from BD simulations at *V* = 40 (light blue), 400 (purple), and 4000 (black) nm/s.](ma0c00278_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B plots the mean unfolding rates per sequential unfolding events at *V* = 50, 100, and 1000 nm/s (filled symbols), together with the local rates, estimated by ⟨d*F*/d*x*⟩~*N*~ × *V* (small open symbols). Both unfolding rates, estimated by the two approaches, decrease with the elongation of the linker, as *N* increases. Two important observables should be pointed. First, since the various domains along the polyprotein chain unfold at different rates, their mean would better describe the unfolding rate at a given pulling velocity than the one estimated by the final unfolding events, which have the lowest value (i.e., with ⟨d*F*/d*x*⟩~*N*~ × *V*, rather than d*F*/d*x*\|~last\ event~ × *V*). Second, estimation of the unfolding rate with ⟨d*F*/d*x*⟩ × *V* (or *K*~eff~ × *V*) appear to considerably deviate from the direct d*F*/d*t* approach (the rates in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B are plotted on a logarithmic scale). The BD simulations resulted with similar behavior. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C shows the evaluation of d*F*/d*t* from the simulated data obtained at *V* = 4000 nm/s (triangles in gray shades), with linear fits (straight lines), and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D plots the measured unfolding rates (colored empty symbols) and the rates estimated by ⟨d*F*/d*x*⟩~*N*~ × *V* (solid symbols, line connected small symbols) as a function of the increments in chain length (at the sequential unfolding of each domain).

The experimental data is naturally more scattered compared to the simulated data; however, both show similar trends. Due to the fact that the simulations benefit from larger statistics (100 data points per each events), without being subjected to experimental limitations (as it is only based on phenomenological models), it is consequently less noisy, and assists in providing a distilled picture of the experiments. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B shows that apart from *V* = 50 nm/s, at the other (higher) velocities the rate assessed by the stiffness (⟨d*F*/d*x*⟩~*N*~ × *V*) overestimates the values evaluated by d*F*/d*t*. This behavior is not observed in the simulated data ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), where ⟨d*F*/d*x*⟩~*N*~ × *V* \> (d*F*/d*t*)~*N*~. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B plots the *N*-averaged force-rates as a function of the applied pulling velocity for the experimental and the simulated data. As can be seen for both cases, apart from the experimental data at *V* = 50 nm/s, ⟨⟨d*F*/d*x*⟩⟩ × *V* \> ⟨d*F*/d*t*⟩. This exception probably results from the relatively large drift encountered when measuring at low velocities.

![Effect of the pulling velocity on force-rates and chain stiffness. (A) Poly(I91) *N*-averaged force-rates ⟨d*F*/d*t*⟩ (solid turquoise diamonds) and ⟨⟨d*F*/d*x*⟩⟩ × *V* (small open turquoise diamonds) as a function of the pulling velocity. (B) BD *N*-averaged force-rates ⟨d*F*/d*t*⟩ (solid black diamonds) and ⟨⟨d*F*/d*x*⟩⟩ × *V* (small open diamonds) as a function of the pulling velocity. (C) *N*-averaged stiffness, ⟨⟨d*F*/d*x*⟩⟩, as a function of the pulling velocity for poly(I91) (solid tangerine diamonds), and BD simulations (open diamonds).](ma0c00278_0003){#fig3}

The varying polyprotein stiffness was observed (and predicted) to decrease with chain increase after every unfolding event; however, as can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, it grows with the pulling velocity on average for each event. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C plots the *N*-averaged stiffness obtained from both experiments (tangerine triangles) and simulations (open triangles). The experimentally measured stiffness slightly increase, and shortly reaches a plateau, while the simulated stiffness seems to grow with the applied pulling velocity. This indicates that the response of the polyprotein during unfolding under force is not purely elastic.

The modulation of the stiffness with the applied pulling velocity, raises questions regarding the nature and role of the polymeric linker that grows after every unfolding event along the polyprotein. The change of the stiffness with the velocity cannot be explained by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, which disregards the viscoelastic nature of the extended linker, reflected through its internal friction, μ^[@ref12],[@ref43]^ We therefore utilize the Zener model,^[@ref55]^ a constitutive model also known as the standard linear solid, which provides a useful idealized description of a viscoelastic material. It is described by a spring added in series to a Kelvin--Voigt model (spring and a dashpot in parallel), as depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. Equilibrium requires that the stress be the same in both elements, which can be indicated by estimating a critical velocity, *V*~C~ ≈ *L*~C~(*N*)/*τ*~Zimm~, below which, the extension of the chain can considered to be in equilibrium.^[@ref56]^*τ*~Zimm~ ≈ 2^3^(*L*~C~*l*~p~)^3/2^η/\[*k*~B~*T*(3π)^1/2^\],^[@ref57]^ is the Zimm relaxation time for polymer chain (taking into account hydrodynamic interactions between its monomers^[@ref58]^), where η ≈ 1 × 10^--3^ Pa·s is the solvent viscosity. For the parameters obtained from our measurements ⟨*V*~C~⟩\|~*n*~ ≈ 1 × 10^9^ nm/s, which are 8--6 orders of magnitude larger than the pulling velocities applied in our measurements, and therefore linker extension can be considered as an equilibrium process (unlike domain unfolding). In the context of this work, the linker is described by a stiffness *K*~l~, given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and a viscous term, μ, accounting for its internal friction in series with the spring constant of the probe, *K*~S~:where the extension *x* can be approximated as *L*~C~ under the high stretch assumption.^[@ref43]^ Notice that the first term in the right-hand-side is *K*~eff~, given by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}. When d*F*/d*t* = *K*~S~·*V* (which is not the case here, as can be seen in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), then [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} reduces to the simple harmonic description, *F* = *K*~eff~·*x*, which means that the force dependency is purely elastic, and thus should not vary with the pulling velocity. Substituting [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} into this model and taking the derivative with respect to *x*, a connection can be established between d*F*/d*x* and μ (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf) for details):where *K*~l~ = *K*~l~(*N*, *F*) is given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, and ∂*F*/∂*x* ≈ ⟨d*F*/d*x*⟩. For a situation in which d*F*/d*t* ≪ *K*~S~·*V*, μ diminishes, while at the opposite limit, where d*F*/d*t* → *K*~S~·*V*, it becomes more dominant. Using the experimental parameters, we used [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to calculate μ. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C shows that μ decreases with the extension of the chain length and with the applied velocity, respectively. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D,E shows the equivalent behavior of μ calculated from BD simulations. The decrease of μ with the increase in chain length is not so obvious from the experimental data, showing almost no change, and even a slight increase. μ calculated from the simulated data with [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, however, displays an explicit decrease with the increase in chain length, in agreement with previous works.^[@ref12],[@ref43]^ The decrease of μ with the length of the linker can be understood in terms of its proximity to the surface, which can be represented with Faxén correction for the hydrodynamic drag parallel to the direction of the force application (up to the second order) by^[@ref59]^ μ(*x*) ≈ μ~0~/\[1 -- 9/16(*a*~eff~/*x*)\], with μ~0~ = 6πη*a*~eff~, where η is the solution viscosity and *a*~eff~ is an effective size of the cantilever tip.^[@ref25]^ According to this description, the friction decrease to a characteristic μ~0~ at sufficient distance from the surface.

![Viscoelastic response of the extending linker with unfolding events and pulling velocity. (A) Adaptation of the constitutive Zener model to a linker (characterized with a stiffness *K*~l~ and internal friction μ), in series with the stiffness of the probe (*K*~S~). μ calculated with [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, with the experimental parameters as a function of chain length (B) and pulling velocity for three extensions (C), and with the BD parameters (D, E) respectively.](ma0c00278_0004){#fig4}

The observed decrease of μ with *V* can also be expected (as the decrease of the stiffness with the extension). The force acting on the linker, represented here by a Kelvin--Voigt circuit is *F* = *K*~l~·*x* + μ·*V*. This expression states that μ is proportional to the inverse of *V* (and the stiffness is proportional to the inverse of *x*). Remarkably, Lee and Thirumalai introduced an expression for velocity dependent force, with a general form analogues to the Kelvin--Voigt circuit for long DNA molecules, where *K*~l~ ≡ *k*~B~*T*/(*L*~C~·*l*~p~) is the stiffness of a Gaussian chain, and μ ≡ μ~0~·*g*(*x*), with μ~0~ = *k*~B~*T*/*D*~0~, where *D*~0~ is the monomeric diffusion constant and *g*(*x*) = (1/8)·(*x*/*L*~C~)^2^/\[1 -- (*x*/*L*~C~)^2^\]} is a geometric factor on which the effective friction depends.^[@ref56]^

According to the viscoelastic description of the linker, it is possible to understand the stiffening of the linker with the applied velocity, as μ decreases with the overall stiffness. This occurs with the increase of the pulling velocity, resulting in high force-rates (see [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf)). This behavior coexists with the increase in the internal friction with the chain stiffness as the chain becomes shorter; i.e., for a chain with increasing length, both stiffness and internal friction decrease under similar loads. We therefore turn to examine these effects on the recorded unfolding forces during the sequential unfolding within a polyprotein. As unfolding progresses, the elongating polymeric linker becomes more compliant as its stiffness decreases ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) for a given pulling velocity (*V* = const.); however, an increase in the unfolding forces is observed ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). This observable is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, where unfolding forces lessen with the increase of the overall stiffness of the system. Since the poly(I91) used here are homopolyproteins, it is a reasonable assumption that their protein domains are nearly similar, and can therefore be characterized by a relatively narrow distribution of unfolding barriers. The measured restoring forces during unfolding, ⟨*F*~max~⟩ are proportional to the stress required to overcome a characteristic energy activation barrier, ⟨*U*~0~⟩ (with a variance that results from thermal fluctuations and possible structural variations). In the absence of an extending linker, a series of domains with a similar ⟨*U*~0~⟩ is expected to result with a proportionally similar force distributions around a mean value of ⟨*F*~max~⟩. However, here, ⟨*F*~max~⟩ increases as the linker chain becomes longer and softer. For this to happen, a substantial amount of the invested mechanical work (∼*F*^2^/*K*~eff~) is required to achieve high stretching of the linker chain to transduce the tension on the folded molecule until it reaches the amount of stress required to overcome its ⟨*U*~0~⟩. A similar behavior is obtained with the BD simulations ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C).

![Measured unfolding forces as a function of their corresponding local stiffness. (A) Maximal unfolding forces vs mean chain stiffness from poly(I91) FX measurements, both as a function of domain number (chain length), at *V* = const. (B) Maximal unfolding forces vs mean chain stiffness from poly(I91) FX measurements, both as a function of pulling velocity, at *N* = const. Respectively corresponding to (A) and (B), maximal unfolding forces vs mean chain stiffness from BD simulations for *V* = const. (C), and *N* = const. (D).](ma0c00278_0005){#fig5}

An opposite trend, where the ⟨*F*~max~⟩ grows with system stiffness, is observed for the unfolding events with similar linker length (*N* = const.) under increasing pulling velocities. In this situation, the faster a linker (at a given length) will be stretched, the faster the tension will propagate through it. Accordingly, the effect emerging from the presence of the linker diminishes, and the force is communicated directly to the folded domain along the polyprotein chain. The direct effect of the applied stress on folded domains (or bond rupture) is well understood within the framework of reaction-rate theory, predicting an increase of the unfolding (or rupture) forces will the applied force-rate.^[@ref44]−[@ref46]^ This trend can be seen more explicitly in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D that presents the same properties obtained with the BD simulations. In all, the interplay of between these two mechanisms is unraveled by showing that increasing the length of the polymeric (polypeptide) linker component with each successive unfolding event (at a constant pulling velocity) has an opposing effect to the one of increasing the pulling velocity (at constant length).

Conclusions {#sec4}
===========

In this work we measured the unfolding of poly(I91) using AFM at constant pulling velocities, and performed corresponding BD simulations. By analyzing the unfolding forces, we observed a hierarchical increase of the unfolding events with the length increase of the linker with the progression of unfolding, accompanied by a decrease in the mean chain stiffness. The force-rates estimated at each pulling velocity displayed a decease with each consecutive unfolding event. Moreover, comparison of these force-rates with the conventional estimation of the force-rates as the product of the mean stiffness and pulling velocity shows that ⟨d*F*/d*t*⟩ \< ⟨⟨d*F*/d*x*⟩⟩ × *V* (or equivalently *K*~eff~ × *V*). An explanation for this difference, manifested through the increase of the mean stiffness with the pulling velocity, is offered through the viscoelastic behavior of the growing linker. Finally, an interpretation of sequential unfolding in experiments performed under constant pulling velocity conditions is offered as an interplay between two underlying mechanisms: *N*-effect and *V*-effect (or d*F*/d*t*-effect).

The *N*-effect is an outcome of the variation in the viscoelastic properties of the linker that increases in size. The WLC phenomenological stiffness of the linker at high stretches, *K*~l~(*L*~C~, *F*),^[@ref43]^ given by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, refers to the polymeric nature of an extending chain, at which the force serves as a cutoff value. However, here we measure a more complicated system, whose stiffness is related to the ratio between the folded and unfolded domains. If we consider the folded domains to be similar, all characterized by roughly the same ⟨*U*~0~⟩, then all domains should unfold at proportional ⟨*F*~max~⟩, with no specific hierarchy (or *N*-effect). Nevertheless, in practice this is not the case. For homogeneous polyproteins (comprised from the same repeating domain), the unfolding of the domains occurs randomly,^[@ref51]^ where the probability of the first domain to unfold should be similar to the probability of the fifth or eighth domain to unfold. With the consecutive unfolding of every protein in the polyprotein chain, the overall length of the polymeric linker component increases with Δ*L*~C~ increments. This softens the polyprotein with every event (or alternatively, increases its compliance, as the longer linker chain is "looser" under the same load). As the overall stiffness decreases with event number, the force required for unfolding is increased, since a larger amount of work is required to further extend the longer linker, such that the tension through it will be sufficient to overcome the protein unfolding mechanical stability (the mean unfolding forces reduce with the increase of the mean stiffness). Conversely, the *V*-effect (or force-rate effect) causes the mean unfolding forces to increase with the increase in the force-rate application. Increasing the pulling velocity propagates the tension faster through the various components of the polyprotein chain. This communicates the perturbation faster (the chain becomes stiffer and less viscous), and thus it is directly applied to the protein. Additional measurements and simulations performed under the application of constant force-rate, i.e., force-ramp experiments,^[@ref45]^ can assist in the understanding of sequential unfolding in polyproteins, particularly since the models used to interpret forced unfolding use the force-rate as the independent variable.^[@ref44],[@ref46]^ To conclude, stiffness lowering with domain unfolding can provide an additional mechanism to understand mechanical viscoelasticity regulation in physiological systems wherein polyproteins are involved, as in Titin, where this property is involved in tuning its performance as a complex molecular spring.^[@ref1],[@ref2]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.macromol.0c00278](https://pubs.acs.org/doi/10.1021/acs.macromol.0c00278?goto=supporting-info).Details on the BD simulations, unfolding forces and stiffness from BD simulations, variations of mean unfolding forces, stiffness and force rates with pulling velocity at constant length, and Zener (standard linear solid) model for the viscoelastic description of the linker ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.0c00278/suppl_file/ma0c00278_si_001.pdf))
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